¢

LAWRENCE
LIVERMORE
NATIONAL
LABORATORY

UCRL-JRNL-217096

First principles study of the aggregation of
oligo and polythiophene cations In
solution

D. A. Scherlis, J.-L. Fattebert, N. Marzari

November 15, 2005

The Journal of Chemical Physics



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



First principles study of the aggregation of oligo and

polythiophene cations in solution

Damidn A. Scherlis™, Jean-Luc Fattebert®, and Nicola Marzari*
T Departamento de Quimica Inorgdnica, Analitica y Quimica Fisica,
Facultad de Ciencias Fxactas y Naturales,
Universidad de Buenos Aires, Ciudad Universitaria,

Pab. II, Buenos Aires (C1428EHA) Argentina
tDepartment of Materials Science and Engineering,
and Institute for Soldier Nanotechnologies,
Massachusetts Institute of Technology, Cambridge MA 02139 and
§Center for Applied Scientific Computing,

Lawrence Livermore National Laboratory, Livermore CA 94551

(Dated: November 8, 2005)

Abstract

The stacking of positively charged (or doped) terthiophene oligomers and quaterthiophene poly-
mers in solution is investigated applying a recently developed unified electrostatic and cavitation
model for first-principles calculations in a continuum solvent. The thermodynamic and structural
patterns of the dimerization are explored in different solvents, and the distinctive roles of polarity
and surface tension are characterized and analyzed. Interestingly, we discover a saturation in the
stabilization effect of the dielectric screening that takes place at rather small values of 3. More-
over, we address the interactions in trimers of terthiophene cations, with the aim of generalizing

the results obtained for the dimers to the case of higher order stacks and nanoaggregates.



I. INTRODUCTION

The intermolecular interactions between conjugated polymers and oligomers in the con-
densed phase—whether in the solid state or in solution—entail a fundamental interest in
the emerging field of molecular electronics, as they are decisive factors in the electronic
and structural properties of the material. The orientation and alignment of polymers in
a solid matrix, the formation of aggregates in films and solution, or the ability of organic
semiconductors to self-assemble, are the outcome of a complex balance between the spa-
cial features of the molecules and the substrate, and the interactions between them at the
synthesis conditions.! =% By dictating the rules for aggregation, these interactions eventu-

2,6—8

ally shape properties such as charge delocalization and mobility or optical®>~ and

electromechanicall?

response.

Thiophene derived oligomers and polymers represent today one of the most promising
class of organic semiconductors, finding potential applications in a variety of electronic and
electroactive devices.!> 15 Semiconducting properties arise with doping, therefore much of
the basic research performed on these systems has addressed in particular the doped or
oxidized species. Since the early nineties electrochemical and spectroscopic evidence was
gathered indicating that oxidized oligothiophenes reversibly associate in solution.'®~!® In a
recent study,'® we have claimed that this association can be dissected in three contributions:
the attractive m-7 interactions, the Coulombic repulsion, and the effect of the solvent. In the
case of oligothiophene cations dimers, combination of semioccupied HOMOs form occupied
bonding and empty antibonding orbitals, resulting in an interaction of covalent character,
different in nature to the one arising in neutral dimers, of dispersive origin.? In vacuum, the

19,21

electrostatic repulsion between the cations largely exceeds the covalent term, making



manifest the importance of the solvent (or of the counterions in the solid state case) in
stabilizing the stacks. A polarizable dielectric medium favors the concentration of charge in
a small cavity, reverting the balance from net repulsion to attraction and stacking.

In the present paper, we employ a first principles approach recently developed to de-
scribe the effect of a continuum solvent within the Car-Parrinello, density-functional theory
framework,?? and use it to explore the role of polarity and surface tension in the stabilization
of dimers of polythiophene and oligothiophene radical cations. Furthermore, we examine the
possibility of trimer formation, as an intermediate step toward the genesis of higher order
aggregates, and to gain insight on the self-assembly phenomenon from a solution. In charged
dimers, unlike the case of neutral dimers governed by van der Waals forces, interactions are
predominantly covalent and electrostatic, and density-functional theory (DFT) has proven
to perform consistently with highly-correlated quantum-chemistry methods.!® In our ap-
proach, the contribution of the surface tension to the solvation free energy is computed in a
very natural fashion, as the product between the area of the cavity and the surface tension
of the solvent.?? This contribution is particularly important in a dimerization process, where
the fusion of two cavities into one provides an additional stabilizing term associated to the

minimization of the total cavity area.

II. METHODOLOGY

All calculations in this work have been performed with the public domain Car-Parrinello
parallel code included in the Quantum-ESPRESSO package,?® based on density-functional
theory (DFT), periodic-boundary conditions, and plane-wave basis sets. Vanderbilt ultrasoft
pseudopotentials?* have been used to represent the ion-electron interactions, in combination

with the PBE approach to the exchange-correlation term,?® and with the Kohn-Sham orbitals



and charge density expanded in plane waves up to a kinetic energy cutoff of 25 and 200 Ry
respectively.

We employ a continuum solvent model recently implemented in the Quantum-ESPRESSO
package and described in detail in reference ?2. In this scheme, the solvent is represented as
a dielectric medium surrounding a quantum-mechanical solute confined in a cavity delimited
by an isosurface of the electron density. In this context the solvation free energy AG,, can

be regarded as the sum of several components, usually:
ACTYsol = ACTYel + ACTYcav + AC;disfrep (1)

where AGe, AG oy, and AGy;s—rep are the electrostatic, the cavitation, and the dispersion-
repulsion contributions respectively.?® In our implementation AG,; and AG.,, are considered
explicitly, while AGy;s_rep is largely seized by virtue of the parametrization, as part of the
electrostatic term. In the next two paragraphs the approaches to obtain AG. and AG. 4,
are briefly reviewed.

The electrostatic interaction between the dielectric and the solute is calculated as pro-
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posed by Fattebert and Gygi, solving the Poisson equation in the presence of a dielectric

continuum with a permittivity €[p],

V- (elp] Vo) = —dmp . (2)

The function €[p] is defined to asymptotically approach the permittivity of the bulk solvent
€p in regions of space where the electron density is low, and 1 in those regions where it is
high.?? In this way the dielectric medium and the electronic density respond self-consistently
to each other through the dependence of € on p and vice-versa. The variation in the dielectric
constant at the solvent-solute interface is controlled by the two parameters py and 3, which

determine the size of the cavity and the smoothness of the transition respectively. These are
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virtually the only parameters entering the model. The adopted values, py=0.00078 e and
(3=1.3, represent a rather universal choice.??

The cavitation term is computed as the product between the surface tension of the solvent

~ and the area of the cavity,

AG(cav = VS(p0)7 (3)

where S(pg) is the surface of the same cavity employed in the electrostatic part of the
solvation energy and is defined by an isosurface of the charge density. This area can be
easily and accurately calculated by integration in a real-space grid, as the volume of a thin
film delimited between two charge density isosurfaces, divided by the thickness of this film.
This idea has been originally proposed by Cococcioni et al.?? to define a “quantum surface”

in the context of extended electronic-enthalpy functionals.

III. RESULTS AND DISCUSSION

1921 op oxidized dimers have indicated

Crystallographic data®® and recent calculations
that the stacking of oligothiophene cations follows a “slipped” pattern where the layers are
shifted along the molecular axis, as shown in Fig. 1. We have studied the dependence of the
energy as a function of the lateral shift for oxidized terthiophene and polyquaterthiophene
dimers in acetonitrile, with €y=35.7 and y=28.7 mN/m, at a fixed intradimer separation of
3.4 A. The total charge of these systems is +2 (in the polymer, there is a positive charge
every four thiophene rings). The results are showed in Fig. 2: both the oligomer and the
polymer exhibit a similar pattern, with a global minimum at 2.3 A for the terthiophene

and 2.0 A for the polythiophene. A local minimum at 0.0 A (where the two layers are

overlapping) is present in both cases. Interestingly, the net binding is very sensitive to the



lateral shift, varying steeply in a range of 10 kcal /mol as one layer is slipped along the other.
At shifts of about 1 A off the minima, the 7-7 interaction between the cations appears clearly
weakened, resulting in an unbound dimer.

The nature of the solvent doesn’t have any significant effect on this characteristic pat-
tern, even if it affects the magnitude of the interaction. This is shown in Fig. 3, where
the terthiophene curve is displayed in three different media: acetonitrile, dichloromethane
(€0=8.9, v=27.2 mN/m) and water (¢,=78.8, y=72.2 mN/m). Fig. 4 explicitly illustrates
the role of the solvent in the binding of the terthiophene cations, by showing the interaction
energy as a function of the intradimer distance at a fixed lateral shift of 2.3 A. The binding
energies are close to 5 kcal/mol for dichloromethane and acetonitrile, and 12 kcal/mol in
water. These values can be seen as a lower limit for the dimerization enthalpy AHy, since
the effect of the ionic environment was neglected in the calculations (the counterions in
solution would differentially stabilize the doubly-charged terthiophene dimer compared to
two terthiophene cations. This effect has been recently discussed by Jakowski and Simons?!
for dimers of tetracyanoethylene anions, [TCNEJ37). In fact, dimerization enthalpies be-
tween 7 and 14 kcal/mol have been reported for different terthiophene derivatives in apolar

solvents.32—34

The interplanar separations corresponding to the minima, in the range of 3.4
to 3.5 A, are consistent with the distance of 3.47 A obtained for substituted terthiophene
cations in the solid state.®® Fig. 5 compares the potential energy surface of the oligomer
with the one corresponding to the polymer (the later was calculated at a fixed lateral shift
of 2.0 f{). The equilibrium distance turns out around 0.3 A larger in the periodic system,
although it exhibits a slightly stronger binding. This is in agreement with experimental data

showing that AH, is enhanced by the length of the chain,!” a trend related to a “dilution”

of the Coulombic repulsion as the ratio between charge and oligomer size decreases.!® At



the same time, however, the increase in length at a given oxidation state would diminish
the ratio between unpaired electrons available to m-7 bonding and thiophene rings, what
would presumably revert the aforementioned binding trend starting from certain molecular
weight .3

The separate roles played by the dielectric screening of the solvent and its surface tension
in the stablilization of the dimer are highlighted in Fig. 6. If the contribution of AG.,, were
omitted, the binding curves would turn out to be very close to each other (Fig. 6a). The
larger v in the case of water (72.2 mN/m versus 28.7 mN/m in acetonitrile) is responsible
for the deeper minimum in the potential energy surface. The net effect of the surface
tension is to minimize the area of the solvation cage, monitored in Fig. 6b as the cations are
pulled apart. Beyond certain separation—of about 4.75 A—the surface remains constant,
indicating that the single cavity has split and each cation is enclosed in a separate cavity of
area independent of the interplanar distance. In this situation there is no cavitation energy
gain and therefore the curves excluding and including AG.,, (open and closed symbols in
Fig. 6a respectively) overlap on the right part of the plot.

The potential energy curves in Fig. 6a unveil an intriguing possibility: that the binding
energy is not directly related to the dielectric constant of the solvent, as our intuition may
suggest. This hypothesis is explored in Fig. 7, where the interaction energy between two
terthiophene cations separated by 3.6 A is plotted as a function of the dielectric constant,
ignoring the contribution of the surface tension. The results are somehow unexpected: a
rather small increase in the permittivity coming from the vacuum rapidly stabilizes the
dimer, but once the dielectric constant is above 10 the effect of a further increase in polarity
is minor. This behavior can be rationalized considering that a polarizable dielectric medium

with low permittivity is already enough to screen most of the Coulombic repulsion between



the two charges and to favor the grouping of these charges by polarizing itself. The positive
drift that is observed at higher permittivities for po=0.00078 e is an artifact of the continuum
model. Since the dielectric constant is defined as a continuous function of the electron
density, its value throughout the intradimer region may depart from 1, allowing the dielectric
medium to fill some of the space between the cations and to interfere, though modestly, with
the -7 bond. This effect will be enhanced at large values of ¢y and py. In reality, instead,
the solvent would not penetrate the intradimer space if the separation is 3.6 A, regardless
of €. This spurious behavior is in fact absent in the curve computed with py=0.0003
in Fig. 7. What is remarkably captured by the continuum model is a saturation of the
effect of polarity on the dimerization occurring already at a very low dielectric constant.
These results are pretty much consistent with experimental observations that turn down
a direct correlation between the dimerization trend and the polarity of the medium, while
emphasizing the dependence on the solubility of the oligothiophenes.?® To understand the
effect of the solvent on AH,, then, one should consider other properties such as surface
tension or specific interactions between the solute and the medium.

Are the thermodynamic and structural features found so far for the dimerization, ap-
plicable to the stacking of multiple oligomer layers? It would be very interesting to know
if or how the present results can be extended to processes such as nanoaggregation and
self-assembly in solution, involving the collective pairing of many oligothiophene units. In
an attempt to offer an answer, even if preliminary, to this question, we have studied the
formation of trimers of terthiophene cations in acetonitrile. Fig. 8 depicts the two configu-
rations of minimum energy obtained for the trimer in acetonitrile, in which the third cation
is shifted + or - 2.3 A with respect to the next oligomer. As shown in Fig. 9, there is no

significant energetic difference between these two minima. The curve corresponding to the



dimer is plotted in the same figure: the pattern of valleys and peaks is preserved at the
same lateral displacements when increasing the number of layers from two to three. The
differences in the relative depths of these curves can be ascribed to the fact that the same
interplanar separation of 3.4 A was adopted in the calculation of both, but the optimal sep-
aration in the trimer is longer, as can be seen in Fig. 10. This graph shows the interaction
energy calculated for the trimer in acetonitrile as a function of the interplanar separation
between layers (the interplanar separation between the first and the second layer is the same
as between the second and the third at each point of the curve). For comparison with the
dimer, depicted in the same graph, the plotted energies were normalized to the number of
m-pairs, in this case two. Interestingly, the binding between two cations doesn’t seem to
be impaired by the presence of a third one: the interaction between stacks remains almost
constant, even though the equilibrium distance increases in about 0.1 A. This suggests that
the energetic and structural results found for the cation dimers will have applicability, to a

large extent, to the case of more complex, larger aggregates consisting of multiple layers.

IV. SUMMARY

Our study has permitted to individualize the role of the surface tension and the dielectric
screening in the stabilization of charged thiophene oligomer and polymer stacks. The surface
tension of the solvent is a driving force toward the minimization of the cavity area, and
therefore toward dimerization: there is an energetic payoff in accommodating two solutes
in a single cavity of an area smaller than twice the one corresponding to the dissociated
components. On the other hand, the dependence of the dimer stability on the polarity of
the solvent alone is less evident. A dielectric effect is necessary to screen the electrostatic

repulsion and to stabilize the charges in a small volume, but once the permittivity has



reached a certain threshold, a further increase in polarity has a negligible contribution to the
stabilization of the system. This observation is probably general to any m-dimer of charged
radicals—an hypothesis that could be interesting to test through explicit calculation.

The formation of trimers follows the same geometrical arrangement as the dimerization.
A 7m-bond on one of the oligomer planes does not seem to significantly affect the bond on the
other. These results point to the conclusion that the organization of aggregates and stacks

is governed by the same thermodynamics that is already manifest in the dimerization.
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Figure Captions:

Figure 1.: A terthiophene dimer in the minimum energy configuration corresponding to
the doubly-charged state, in which one singly-charged monomer is shifted 2.3 A with respect
to the other along the main axis.

Figure 2.: Interaction energy as a function of the axial shift for the oxidized terthiophene
and quaterthiophene dimers in acetonitrile.

Figure 3.: Interaction energy as a function of the axial shift for the oxidized terthio-
phene dimer in water (¢y=78.8, y=72.2 mN/m), acetonitrile (¢=35.7, y=28.7 mN/m), and
dichloromethane (6,=8.9, y=27.2 mN/m).

Figure 4.: Interaction energy as a function of the interplanar separation between two
singly-charged terthiophene cations in water, acetonitrile, and dichloromethane.

Figure 5.: Interaction energy as a function of the interplanar separation for the doubly-
charged dimers of polyquaterthiophene (open symbols) and terthiophene (closed symbols)
in dichloromethane and acetonitrile.

Figure 6.: (a) Interaction energy of two terthiophene cations in acetonitrile and in water,
as a function of its separation. Open symbols curves were calculated omitting the cavita-
tion contribution to the solvation energy, while the closed symbols curves include both the
electrostatic and cavitation contributions. (b) Area of the solvation cavity as a function of
the separation between the terthiophene cations. Beyond 4.75 A the cavity splits in two,
and the plotted area corresponds to two cavities containing one singly-charged terthiophene
each.

Figure 7.: Interaction energy between two terthiophene cations at a fixed separation as a

function of the dielectric constant of the solvent, omitting the cavitation energy term, for
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two different thresholds py. The positive drift observed at high permittivity for py=0.00078
e is an artifact of the continuum model (see text).

Figure 8.: Minimum energy structures for the terthiophene trimer in acetonitrile, sur-
rounded by its corresponding solvation cavities defined by isosurfaces at 0.00078e.

Figure 9.: Interaction energy as a function of the axial shift between a doubly-charged
terthiophene dimer and a third terthiophene cation in acetonitrile.

Figure 10.: Interaction energy as a function of the interplanar separation between three
parallel terthiophene cations in acetonitrile. The top and the bottom layers are overlapping

with each other, having an axial shift of 2.3 A with respect to the central layer, as shown in

Fig. 8a.
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